Abstract. Incremental forming processes are characterized by a well known and particular feature: any deformation across the sheet plane determines sheet thinning, since the blank is fully clamped by means of a proper equipment. As a consequence, the availability of effective and reliable CAE tools capable to supply an accurate prediction of sheet thinning as a function of process parameters, represents a strong requirement for a wider practical application of incremental forming.
Introduction
As it is by now known, incremental forming processes can be considered as an alternative manufacturing technology to traditional stamping for some particular applications [1, 2] . The production of small lots, sometimes made of one single product (i.e. prototyping), is just the most natural example [3, 4] ; on the other hand, the diffusion of incremental forming in small to medium companies is strongly related to the availability of incremental forming machines [5] in a growing number of industries.
Actually, incremental forming technology cannot be considered as a mature one, since many aspects related both to the process mechanics and the industrial suitability have to be explained in a most effective way. In particular, it is well known that the formability limit diagram of a sheet assumes a completely different shape when incremental forming is applied [6] [7] [8] . Furthermore, a relevant dependence of the formability on the process parameters [9] , on the material and, finally, on the initial thickness [10] [11] has been detected by several researchers.
On the other hand, from an industrial point of view, the main problems are related to the relevant springback, that reduces the geometrical precision of the formed parts [12] [13] [14] , and to the process slowness. The latter will be reduced with the development of faster CNC machines that, up to now, permit linear velocity of the punch of the order of 10 m/min. As far as the geometrical precision is concerned, it is affected by the fact that during the process large parts of the blank are not constrained and therefore are free to bend. Of course, such drawback may be reduced increasing the sheet constraints but, in this way, process complexity (and cost!) proportionally increases. Anyway, a relevant research effort has been spent in the last few years for assessing incremental forming as a valid alternative to other stamping processes.
This paper is focused on the numerical simulation of simple single point incremental forming operations: in particular, the aim of the research was to validate the effectiveness of different finite element approaches in order to predict sheet thinning occurrence in the formed part. It is worth pointing out that thinning plays a basic role in incremental forming process mechanics: from one hand, "safe" thinning in incremental forming (i.e. maximum thinning before fracture) is much larger than in conventional stamping due to the stress and strain conditions which characterize the process; on the other hand, sheet thinning is surely unavoidable in incremental forming, since no material flow is allowed (such as in conventional stamping), due to the clamping action at the borders of the sheet.
According to the above considerations, it is quite obvious that an effective design and control of incremental forming operations requires an accurate and reliable modelling of thinning, which cannot be based only on the simple sine law. Actually, due to the absence of symmetry and to the complexity of the contacts conditions, numerical simulations of incremental forming require a very high computational time even if they run on very powerful computers.
Therefore, a couple of numerical analysis strategies was applied to simulate simple incremental forming processes, as well as a proper experimental equipment, was developed to verify the accuracy of the numerical predictions. The numerical strategies, the experiments and the obtained results are discussed in detail in the next paragraphs.
Remarks on sheet thinning in incremental forming
Basically, single point incremental forming may be described as a simple process in which a rotating hemispherical punch moves along a properly designed trajectory and deforms a clamped sheet. A simple sketch of the basic process is reported in Figure 1 . As above described, deformation mechanics is basically stretching, i.e. it causes a corresponding thickness reduction according to material incompressibility [15] . Taking into account the above principle and carrying out some simple geometrical considerations, sheet thinning may be modelled by a simple law, the so called sine law [16] :
being t the current sheet thickness, t 0 the initial thickness and α the inclination angle of the formed part, as imposed by the tool trajectory, which defines the steepness of the obtained surface (see Figure 2 ). Actually, the sine law may supply only a rough and average approximation, since it largely fails at least in two regions, as highlighted by some researchers [10] .
In particular, thickness values larger than the ones calculated by the sine law occur in the zones of the blank close to the clamping area which are not interested by the punch actions and are therefore free to bend. On the contrary, lower thickness values arise in the plastically deformed zone, in particular where the last spires of the forming trajectory are described.
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According to the above considerations, it is easy to understand that incremental forming process design strongly requires a more efficient modelling tool to predict thinning occurrence during the process. The uncertainty in the predictions yields to the selection of thicker blanks, a strategy commonly adopted by several industries. Actually, the needs of lightweight structures and process cost reduction suggest a more accurate design of these processes, almost in the medium time period.
Thus, a strategic role may be played by the FE codes, although they require a very long simulation time, sometimes of several days in the case of implicit codes, for the considered applications: incremental forming processes are in fact typically fully 3D without any symmetry plane. Quicker simulations are possible with explicit codes, even if their effectiveness in thinning prediction has to be fully demonstrated.
Experimental evidences
In this research a basic incremental forming operation was taken into account. The process was carried out on a AA1050-O blank, 1mm thick; the initial dimensions of the blank were 240x240 mm, the blank being clamped on a proper framework and partially supported from the bottom by means of a proper wood component ( Figure 3 ). Fig. 3 . The clamped sheet before the process A 11 mm diameter hemispherical punch was used. The tool path assigned to the CNC machine was aimed to obtain a pyramidal shape with square basis (90mm side); the final desired depth of the pyramid was 30mm; Table 1 summarises the main process parameters. It is worth pointing out that the tests were carried out with a couple of "safe" inclination angles, which, according to previous investigations, did not give problems of formability; in this way it was possible to focus the investigation on thinning distribution on the walls of the formed part. It is well known, in fact, that at increasing the steepness of the walls, process conditions become heavier, so that plastic collapse occurs in the blank. Obviously, this result is strongly dependent on sheet thinning, which increases at increasing the steepness of the walls. In the mean time, two different vertical step sizes were investigated in order to analyse the influence of this parameter on the final result quality. The next Figure 4 shows a specimen formed utilizing the lowest inclination angle and the smallest depth step; surface roughness is highlighted.
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Fig. 4. Experimental result
Surface quality worsens at increasing the vertical step size, since a "stair surface" is determined on the profile.
Once the experimental parts was formed, an accurate thickness analysis was carried out on a Coord3 measurement machine ( Figure 5 ). In detail, the specimen was orthogonally positioned with respect to the measurement plane allowing a double contact with the probe, i.e. on the opposite sides of the deformed sheet. In this way thickness measurement was easily carried out. In the next Figure 6 , the reference points are shown starting from the pyramid base. The measurements were repeated on different sections on all the walls of the specimen in order to check the data coherency.
Interesting results were determined since a relevant dependence on the experiment parameters was found out. Figure 7 reports the measured thickness at the varying of the steepness of the walls; thickness is reported vs. the distance from the clamped edge. As expected, thinning increases at increasing the inclination angle of the walls. Furthermore, thickness varies according to a quite complex distribution, showing relevant differences with respect to the average theoretical values provided by the sine law. Therefore the experimental tests confirm that the sine law represents only a crude approximation; in other words, this means that a section of material undergoes heavier deformations, while the complementary part is less stressed. Figure 8 reports thickness distribution at the varying of the vertical step size: the obtained results are quite consistent with previous studies, which demonstrated a better formability with a lower vertical step size [7] . The lowest step size leads to a thinning reduction and a more homogeneous thickness distribution. In the figure the average thickness value provided by the sine law for the investigated case (i.e. α=55°) is reported as well: it is worth outlining that the measured thickness values are remarkably lower than the theoretical prediction in the most deformed zone. The above curves were obtained as the average of all the detected experimental curves. A certain variability in the experimental data was in fact observed, due to both measurements accuracy and probably also to other phenomena; in particular the role of planar anisotropy deserves, according to the authors's opinion, a more detailed investigation.
Thinning predictions
The above incremental forming process was simulated applying a couple of numerical analysis strategies, namely implicit and explicit approaches. The final aim was to assess the effectiveness of such formulations in order to achieve a suitable thinning prediction.
As far as the former approach is concerned the elasto-plastic implicit model, implemented in the commercial codes Deform-3D and MSC-Autoforge, was utilized. A fully 3D analysis was carried out, the blank being meshed with about 1000 8-node brick elements (2 elements along the thickness), and the punch modeled as rigid surface. Figure 9 reports the numerical model, while, figure 10 shows the deformed mesh corresponding to a punch displacement in the z-direction equal to 15mm. The process was simulated applying to the punch a velocity equal to 1000 mm/min, i.e. equal to the actual one utilized in the experiments. A Coulomb friction model was utilized to model the frictional conditions at the interface between the blank and the punch with a friction coefficient equal to 0.2. The main problems, shown by this type of formulation, is related to the CPU time. For the investigated case, CPU times of the order of 300 hours are required although a Xeon dual processor 2 x 2,8 GHz and 2GB Ram was used as hardware platform.
The incremental forming operation was simulated as well utilizing the explicit dynamic model [12] [13] implemented on the LS-Dynaform code. Again, a fully three-dimensional analysis was developed since no symmetry conditions can be assumed in the interaction between the punch path and the clamped sheet. Furthermore, an accurate contact modelling had to be conducted in order to highlight the interaction between the blank and the forming punch with particular reference to the progressive movement of the punch.
In particular the sheet was meshed with about 30,000 4-node shell elements characterized by 5 integration point through the thickness. In this way, during the punch movement, several elements were in direct contact with the tool. As far as the latter is regarded, a rigid geometrical surface was utilized; actually a no-meshed body improves the effectiveness of the contact algorithm since no interaction between two different meshes has to be taken into account. In this way, in the utilized model a pure master slave contact algorithm was chosen obtaining a faster solution of the single step of the deformation path; furthermore the utilization of the small time increments which characterize the explicit models permitted to properly follow the process mechanics and in particular the contact conditions at the punch-sheet metal interface.
In order to reduce the CPU times an artificially increased punch feed rate was utilized equal to 40 m/s. Such assumption did not affect the effectiveness of the numerical results, since no inertia effects were observed through a continuous check of the ratio of the kinetic vs. the deformation energy, which was limited to 10%.
The CPU time naturally decreased to few hours, although a real comparison between the two approach was not possible for a couple of reasons: first of all, the implicit and explicit approaches utilised different type of elements; furthermore despite the relevant improvement in terms of CPU time, the explicit model did not provide satisfactory results, mainly due to continuous stability problems of the solution. These problems involved also relevant difficulties in the prediction of thinning: only a very careful and continuously monitored simulation permitted to obtain predicted thickness values closed enough to the experimental data.
Better results were, on the contrary obtained using the implicit approach; Figure 11 shows the comparison of the thickness data provided by the MSC-Autoforge code with the experimental evidence. Figure 11 demonstrates that, although the numerical predictions are affected by some approximations, both the trend and the lowest thickness values are predicted with a sufficient accuracy.
Conclusions
Incremental forming still presents some not fully understood aspects that induce the researchers to focus their attention also on the fundamentals of the process mechanics. In such a context, sheet thinning during IF is surely to be considered as a strategic point, since material formability (and failure) is strictly related to material thinning.
The proposed analytic law, i.e. the sine law, provides only a sort of average approximation but does not supply effective information on the critical zones: the numerical simulation, thus, becomes a suitable tool to predict the material thinning.
On the other hand, the geometrical complexity of the process, that does not allow any simplification, requires a fully 3-D analysis and a very high number of elements in order to accurately model the problem; therefore, prohibitive computational times are induced. The natural migration towards explicit approaches up to now does not seem to give accurate results as far as thinning prediction is regarded. On the contrary, an implicit approach based on an updated Lagrangian formulation represents a powerful tool, although simulation costs in terms of CPU time are surely high.
